Spatial organisation of the genome within the nucleus can play a role in maintaining the expressed or silent state of some genes [1]. There are distinct addresses for specific chromosomes, which have different functional characteristics, within the nuclei of dividing populations of human cells [2] . Here, we demonstrate that this level of nuclear architecture is altered in cells that have become either quiescent or senescent. Upon cell cycle exit, a gene-poor human chromosome moves from a location at the nuclear periphery to a more internal site in the nucleus, and changes its associations with nuclear substructures. The chromosome moves back toward the edge of the nucleus at a distinctive time after re-entry into the cell cycle. There is a 2-4 hour period at the beginning of G1 when the spatial organisation of these human chromosomes is established. Lastly, these experiments provide evidence that temporal control of DNA replication can be independent of spatial chromosome organisation. We conclude that the sub-nuclear organisation of chromosomes in quiescent or senescent mammalian somatic cells is fundamentally different from that in proliferating cells and that the spatial organisation of the genome is plastic.
Results and discussion
We have previously shown that the gene-rich human chromosome 19 (HSA19) is located toward the centre of the nucleus. In contrast, the similarly sized, but gene-poor, human chromosome 18 (HSA18) is situated toward the nuclear periphery [2] , a site equated with gene silencing in other eukaryotes [1] . This organisation was found in G1, S and G2 phase nuclei from proliferating cells [2] .
Here, we investigate whether this level of nuclear compartmentalisation is altered in quiescent or senescent cells.
Human dermal fibroblasts (HDFs; passage 6-11) were made quiescent by serum starvation. Incubation with bromodeoxyuridine (BrdU) for 10 hours was used to detect any cells still able to enter S phase, and proliferating cells were also identified with an antibody recognising the pKi-67 antigen [3] . We first determined the preferred subnuclear location of chromosomes 18 and 19 in flattened two-dimensional (2D) preparations of proliferating and quiescent (G0) cells using a simple erosion analysis described previously [2] . As expected, in proliferating cells the distribution of hybridisation signals showed HSA18 and 19 partitioned toward the edge (shell 1) and the centre (shell 5) of the nucleus, respectively (p < 0.01; Figure 1a ,d,g). In G0 cells (Figure 1b ,e,h), however, chromosome 18 had moved away from the nuclear periphery (shell 1; p < 0.01), and there was no longer a significant difference between the proportion of HSA18 and 19 signals in the nuclear interior (shell 5; p < 0.29; Figure 1b ,e,h).
During serial passage, HDFs eventually enter senescence. In passage 8 HDFs, HSA18 and 19 were positioned toward the nuclear periphery and the interior, respectively. After 38 passages, the cessation of further population doublings and the decreased fraction of pKi-67 positive cells (from 67.1% in passage 8 cells to 29.8% by passage 38) indicated that many of the cells had become senescent. Chromosome 18 had moved away from the nuclear periphery (shell 1) in senescent cells (p < 0.006), and there was no significant difference in the proportion of HSA18 and 19 signals at the nuclear periphery or in the nuclear interior (p < 0.62 for shell 1 and p < 0.68 for shell 5; Figure 1c ,f,i).
Changes in chromosome position after cell cycle exit were also analysed by confocal laser scanning microscopy (CLSM) in three-dimensionally (3D) preserved nuclei [2] . In proliferating cells, HSA18 territories were significantly closer than HSA19 territories to the lateral and the top or bottom edges of the nucleus (Figure 2a,d) . In G0 and senescent cells, HSA18 moved away from these edges of the nucleus (Figure 2b-d) . Interestingly, chromosome 18 was not located close to the apical edge of the nucleus, even in proliferating cells. Surprisingly, 96% of signals from HSA19 territories in proliferating cells, and 91% or 88% in G0 or senescent cells, showed some coincidence with nucleolar antigens pKi-67 [4] or fibrillarin [5] (yellow signal in Figure 2e-g ), even though this chromosome carries no rRNA genes. In contrast, only 66% of HSA18 territories had any signal coincident with nucleolar antigens in proliferating cells, rising to 90% in G0, and 83% in senescent cells ( Figure 2 ). Although blocks of heterochromatin on non-rDNA-carrying chromosomes have been shown to locate at the nucleolus [6, 7] , this is the first report of the arms of a non-rDNA-containing chromosome being consistently located at the nucleolus.
In proliferating cells, the territories of HSA18 and 19 differ in their compaction. Despite their similar size (in bp), chromosome 19 occupies a larger proportion of nuclear area than does HSA18 [2] . This is also the case in quiescent and senescent cells. The more compact structure of HSA18 was seen in all cell states, even when it was no longer located at the nuclear periphery ( Figure 2 ).
It is not clear whether other studies that report differences in nuclear positioning of loci between quiescent and proliferating mammalian cells represent movement of just individual loci or of entire chromosomes [8, 9] . Here, we have shown that extensive re-organisation of the nucleus, at the level of whole chromosomes, accompanies the transition Three-dimensional analysis of nuclear positioning in proliferating, quiescent and senescent cells. Spatial positioning of HSA18 and 19 (marked with a chromosome paint detected with fluorescein-isothiocyanate, green) relative to (a-c) the nuclear periphery (as defined by propidium iodide staining, red), or (e-g) the nucleolus, delineated by either anti-pKi-67 or anti-fibrillarin staining (red), in 3D preparations of (a,e) proliferating, (b,f) quiescent and (c,g) senescent fibroblasts. Slides were sectioned at 1 µm intervals by CLSM, but only confocal midsections are shown here. (d) Measurements were made of the mean distance (in µm ± SEM) from the centre of chromosome territories to the closest edges of the nucleus in the x (apical), y (lateral) and z (top-bottom) planes (n = 20) . The scale bar represents 2 µm. from proliferative to G0 or senescent states. To investigate whether these changes in nuclear architecture are reversible, G0 fibroblasts were re-stimulated with serum. BrdU was added coincident with serum to follow subsequent cell cycle events. The sub-nuclear localisation of HSA18 and 19 was analysed in the original proliferating culture, the G0 cells (0 hours), and at 8, 24, 32 and 36 hour after re-stimulation. Erosion analysis of 2D preparations showed that HSA18 moved into the nuclear interior (shell 5) upon quiescence, and remained there at 8 hours (p < 0.001; Figure 3a ). Only 1% of cells incorporated BrdU at this time point, indicating that the cells had not yet entered S phase. At 24 hours, 30% of cells were BrdU-positive and, after 32 hours the first mitoses appeared, but HSA18 was still located in an internal nuclear position relative to that in proliferating cells (Figure 3a) . Similarly, in 3D analyses by CLSM, the extensive coincidence of hybridisation signals from HSA18 at the nuclear periphery, seen in proliferating cells, was absent from the G0 cells and from re-stimulated cells at the 8 and 24 hour time points (data not shown). The percentage of chromosome 18 territories that had any signal coincident with nucleolar antigens rose from 69% in proliferating cultures to 89-91% in G0 and 8 and 24 hour samples. At 32 hours, this figure dropped back down to 67%.
By 36 hours, a large fraction of the cells had exited mitosis and entered the next G1 phase. Erosion analysis now revealed movement of HSA18 away from the nuclear interior and back toward the nuclear periphery, to a location not significantly different from that seen in proliferating cells (p < 0.936 for shell 1 and p < 0.626 for shell 5).
Also, in 3D analyses, cells with chromosome 18 abutting the nuclear periphery began to reappear in the 32 and 36 hour samples. Re-positioning of HSA18 back toward nuclear periphery was not complete in all G1 cells at 36 hours. At this time point, cells that had only just exited mitosis (many small speckles of pKi-67 -type Ia staining) [6] , still had similar proportions of HSA18 and 19 signals in the nuclear interior (p < 0.193). When more pKi-67 had reached the nucleolus (type Ib staining; early to mid G1 phase), HSA18 signals became depleted from the nuclear interior (p < 0.02) and enriched at the nuclear periphery (p < 0.016; Figure 3b ,c). A delay in chromosome positioning immediately after mitosis was also seen in early (type Ia) G1 cells of a proliferating culture (data not shown). Re-positioning of labelled chromosome domains has also been reported in nuclei of early G1 CHOC 400 cells [10] . Hence, there is a time
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Figure 3
Dynamics of chromosome re-positioning after serum stimulation of G0 cells. Mean percentage hybridisation signals, normalised to DAPI staining, of HSA18 (grey) and 19 (white) in nuclei of (a) proliferating 1HD fibroblasts, 1HD fibroblasts in G0, and 1HD cells at 8, 24 and 32 h after serum stimulation and (b) 1HD fibroblasts in G1 36 h after re-stimulation. Cell cycle stage was judged by BrdU incorporation and the mitotic index, and only BrdU-positive cells were analysed at 24 and 32 h. The data were analysed by erosion [2] of five concentric shells of 50 nuclei; shells were numbered 1-5 from the edge to the centre. Error bars show the SEM. In (b) the stage of G1 (type Ia, early; type Ib, early/mid; or type II, mid/late) was assessed from the pKi-67 staining pattern [6] . window of 2-4 hours at the beginning of G1 when this nuclear architecture is elaborated.
Re-positioning of HSA18 to the nuclear periphery after reentry into the cell cycle requires passage through both an S phase and an M phase (Figure 3) . Passage through an S phase might allow a replication-coupled chromatin assembly process to package chromosomes 18 and 19 into different chromatin states, leading to their differential localisation in the next cell cycle [11] . Nuclear envelope breakdown and re-assembly during mitosis, and the changes in A-type lamins that occur after exit of fibroblasts from quiescence (but that do not take place until after the first mitosis), might then provide the opportunity for the re-modelling of nuclear organisation [12] .
Replication foci at mid to late S phase concentrate toward the nuclear periphery of HDFs [13] . If replication time is linked to spatial organisation of the nucleus, the relative periods during S phase when sequences from HSA18 and 19 are replicated might be altered in the first S phase after restimulation of G0 cells because the chromosomes are not in their usual locations at this stage (24 hours; Figure 3a ) [10] . Using BrdU pulses at different times before harvesting of mitotic chromosomes, we assayed for the presence of earlyand late-replicating DNA in HSA18 and 19 from proliferating fibroblasts and from fibroblasts at the first mitosis after exit from quiescence (data not shown). In both cases, BrdU that was incorporated during earlier stages of S phase labelled almost the entirety of HSA19 and lower levels of BrdU incorporation were seen into HSA18 (data not shown). Conversely, when BrdU was present during later stages of S phase, there was intense and extensive labelling of HSA18 and sparse labelling of HSA19 (data not shown). Replication times of other human chromosomes in the first S phase after re-stimulation from quiescence also seemed to be similar to that reported in proliferating lymphocytes (data not shown) [14] . We conclude that sequences from HSA18 are generally replicated later than sequences on HSA19, in the first S phase after serum re-stimulation. This suggests that temporal control of DNA replication can be independent of spatial positioning of chromosomes in the nucleus [10] .
The recent cloning of mammals from somatic cells has led to the suggestion that the genome in quiescent nuclei is more amenable to reprogramming than in dividing cells [15] . The change in chromosome positioning in the nuclei of quiescent human somatic cells that we have reported here may be one reflection of this increased plasticity. In future studies of nuclear organisation it will be important to know whether one is analysing proliferating cells, G0/senescent cells, or cells in the early stages of G1.
Supplementary material
Supplementary material including additional methodological details is available at http://current-biology.com/supmat/supmatin.htm.
